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FRET is the radiationless transfer of excited-state en-
ergy from an initially excited donor to an acceptor (La-
kowicz, 1999). It depends on the proper spectral overlap
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2-1 Hirosawa of the donor and acceptor, their distance from each
other, and the relative orientation of the chromophore’sWako-city, Saitama 351-0198
Japan transition dipoles (Figure 1A). In the case of small fluoro-
phores that rotate freely (Figure 1B), the orientation fac-
tor, 2 , can be assumed to be 2/3, a value that approxi-
mates complete, random orientation. Then the efficiency
of FRET is inversely proportional to the sixth power ofIn recent years, our ability to unravel the finer details
of intracellular signaling has improved remarkably. the distance between the fluorophores. Thus, FRET has
been utilized as a “spectroscopic ruler” to measure theTechnological innovations resulting from the introduc-
tion of green fluorescent protein (GFP) have played a distances (10 nm) between two sites on macromole-
cules (Stryer, 1978). In contrast, the chromophore ofsignificant role in these advances. Fluorescent indica-
tors allow us to visualize events within a cell in real- GFP is fixed in the  can structure with a slower rotation
in comparison with the excited-state lifetime (2–5 nsec)time and space. This review focuses on indicators that
use GFP-based fluorescence resonance energy trans- and is spatially restricted, depending on the protein to
be fused (Figure 1C). Since the orientation factor has afer (FRET) technologies and discusses how these
methodologies have given insights into biological significant impact on the efficiency of FRET when using
GFPs, GFP-based FRET cannot be a good spectro-questions relating to the spatiotemporal patterns of
signaling by cAMP, calcium, receptor tyrosine kinases, scopic ruler; however, it should be able to monitor pro-
tein-protein interactions and protein conformationaland other molecules.
changes in living cells (Tsien et al., 1993). As one of the
important applications of GFP-based FRET in bioimag-
ing, the fluorescent indicators that report concentrationsMany molecules involved in signal transduction have
been identified, and a hierarchy among many of these of second messenger molecules and activation of sig-
naling components will be a main focus of this reviewmolecules has also been elucidated. We often see a
signal transduction diagram in which arrows are used (Figure 2). The visualization of protein-protein interac-
tions will not be covered, as that has been recentlyto link molecules to show enzyme reactions and inter-
molecular interactions. For a complete understanding reviewed elsewhere (Lippincott-Schwartz et al., 2001;
van Roessel and Brand, 2002; Zhang et al., 2002).of a signal transduction system, however, the diagram
must contain three axes in space and a time base, as
all events are controlled in both space and time. Since How to Decipher the Signals
the cloning of green fluorescent protein (GFP) from the from Fluorescent Indicators
bioluminescent jellyfish Aequorea victoria in 1992 and, FRET is generally detected by quenching of the donor
later, its relatives, a growing number of researchers have emission and/or sensitized emission from the acceptor
been seeking the development of a tool which enables if it is fluorescent. Many researchers have performed
the direct visualization of biological functions. Such de- emission ratiometric imaging, i.e., determining the ratio
sire, increasingly enhanced by the marriage of GFP with of the acceptor and donor emission amplitudes. There
fluorescence resonance energy transfer (FRET), is fur- are two methods known to quantify FRET efficiency.
ther expanded along with the needs for “postgenomic Fluorescence signals from cells expressing donor, ac-
analyses.” It is time to evaluate “bioimaging” for its in- ceptor, or both are measured with three filter sets and
herent limitations, as well as its seemingly endless po- processed mathematically to extract FRET efficiency
tential, in order to utilize and benefit from this technique. (Gordon et al., 1998). Alternatively, measurement of do-
This review will focus on GFP-based FRET technology nor dequenching after acceptor bleaching provides a
to develop fluorescent indicators that report concentra- simple and practical approach (Bastiaens et al., 1996),
tions of second messenger molecules and activation of which is effective, especially for the CFP-YFP pair.
signaling components for visualizing the flow of signal- Strong illumination at long wavelengths (500 nm)
ing cascades and describe how our understanding of bleaches YFP without affecting CFP, thus providing an
intracellular signaling has advanced by this technology. optical means to eliminate YFP in situ, whenever desired
There will also be a discussion of how to design fluores- (Miyawaki and Tsien, 2000; Zacharias et al., 2002). As
cent indicators, smuggle them into cells, and interpret donor dequenching by acceptor photobleaching is a
their signals, toward a more comprehensive understand- destructive process, this method is best reserved for
ing of complex signal transduction network systems. situations where a specific, single, and accurate static
measurement of FRET efficiency provides the most in-
formation about the experimental system. FRET can also
be quantitated by measuring decreased excited-state*Correspondence: matsushi@brain.riken.go.jp
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Figure 1. Dependency of GFP-Based FRET
on the Relative Angle between the Two Di-
poles of the Donor and Acceptor
(A) The directions of the emission transition
dipole (E) of the donor and the absorption
transition dipole (A) of the acceptor. The ori-
entation factor, 2, is given by
2  (cosT  3cosdcosa)2,
where T is the angle between E and A and
d and a are the angles between these di-
poles and the vector joining the donor and
acceptor. The rate of FRET is dependent on
2 and r6. r is the distance between the donor
and acceptor.
(B) Small chemical fluorophores acting as the
donor and acceptor molecules, attached to
a protein through floppy linkers. Rotational
diffusion prior to energy transfer randomizes
the relative orientation of the two fluoro-
phores. 2 is assumed to equal 2/3.
(C) When two spectral variants of GFP are
fused to a protein, the relative orientation is
restricted. Arrows in (B) and (C) indicate E or A.
lifetime of the donor (Harpur et al., 2001), a process that indicator are fused to one another; see below) because
CFP and YFP get much farther apart from one anotheris nondestructive; however, it needs far more sophisti-
cated equipment and increased donor resistance to in the absence of Ca2.
This approach can be applied to the opposite situa-bleaching (Jovin and Arndt-Jovin, 1989). Finally, FRET
can occur between identical fluorophores that show a tion, where domains A and B in Figure 3A dissociate
upon arrival of a signal on domain A. For example, thespectral overlap between absorption and emission.
Such homotransfer FRET causes an emission depolar- type II isoform of the regulatory subunit of cAMP-
dependent protein kinase (PKA) and the catalytic sub-ization. For example, protein homodimerization was an-
alyzed by measurement of fluorescence polarization unit of PKA were originally fused to BFP and GFP (Zac-
colo et al., 2000) and then to CFP and YFP (Zaccolo and(anisotropy) (Gautier et al., 2001). This final method is
especially useful for determining the associative proper- Pozzan, 2002), respectively. Binding of cAMP to the
PKA regulatory subunit induced dissociation of the twoties of a single molecule by intermolecular FRET mea-
surements, as it avoids the necessity of carefully control- subunits, resulting in a disruption of FRET. Originally,
the two subunits were labeled with fluorescein and rho-ling or even knowing the donor acceptor ratios.
damine to generate FlCRhR (fluorescein-labeled cata-
lytic and rhodamine-labeled regulatory subunit of pro-Bimolecular Fluorescent Indicators
tein kinase A), a classic fluorescent indicator for cAMPFigure 3A illustrates two protein domains, A and B,
(Adams et al., 1991). The advantage of the geneticallywhich interact with each other when domain A binds to
encodable versions over FlCRhR for studying compart-a particular ligand or undergoes a specific modification.
mentalized cAMP signaling will be discussed later.Attachment of two different spectral mutants of GFP
One area in which bimolecular indicators of this typeto these domains may create bimolecular FRET-based
have been particularly useful is the study of the ex-indicators. Of the known GFP spectral mutants, the best
change reaction between GTP and GDP; this reactionpair for FRET consists of the cyan and yellow mutants,
determines the behavior of heterotrimeric G proteinsCFP and YFP, which have replaced the blue and green
(Janetopoulos et al., 2001) and monomeric small G pro-mutants (BFP and GFP) originally used in the FRET ex-
teins, e.g., Rac (Kraynov et al., 2000) and Ras (Chiu etperiments (Romoser, et al., 1997; Miyawaki et al., 1997).
al., 2002). For example, the activation state of hetero-Split cameleon is one example of a bimolecular indica-
trimeric G protein in living Dictyostelium discoideumtor that senses Ca2. It consists of CFP-calmodulin
cells responding to chemoattractant was visualized by(CaM) and M13 (a CaM binding peptide composed of
monitoring the association/dissociation equilibrium of26 amino acids)-YFP. The change in the associative
the 	 and  subunits fused to CFP and YFP. Utilizationproperties of CFP and YFP in response to Ca2 binding
of this approach allowed the researchers to note anto CaM results in a change in the FRET signal that can
interesting distinction between the behavior of the Gbe translated into a Ca2 concentration (Miyawaki et al.,
protein and that of the physiology it regulates. Specifi-1997). Split cameleon gives larger FRET changes than
the original cameleon (in which the two parts of the cally, continuous stimulation caused sustained GTP
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Figure 2. Fluorescent Indicators Report Concentrations of Second Messenger Molecules and Activation of Signaling Molecules
Signaling pathways are indicated by solid-line arrows. Dotted-line arrows indicate diffusion or migration of molecules. Proteins involved in
signal transduction are circled. Names and domain compositions of fluorescent indicators are shown in red (unimolecular indicator) and in
blue (bimolecular indicator) and are followed by the references in parentheses. Domain names are linked with hyphens from the N to C termini.
The two fusion proteins comprising a bimolecular indicator are separated by a semicolon. Abbreviations are as follows: R, receptor; RTK,
receptor tyrosine kinase; ER, endoplasmic reticulum; AC, adenylyl cyclase; GC, guanylyl cyclase (soluble form); DG, diacyl glycerol.
binding and activation of the G protein, while physiologi- also utilized to develop an indicator for inositol 1,4,5-
trisphosphate (IP3) as a surrogate for activation of phos-cal responses to G protein signaling declined, sug-
gesting that desensitization was occurring downstream pholipase C (PLC) with a pleckstrin homology domain
(PHD) of PLC
 (van der Wal et al., 2001). When PHD-of G protein activation (Janetopoulos et al., 2001). A
similar approach to the visualization of Rac activation CFP and PHD-YFP were cotransfected into cells, the
two species presumably interacted with each other onutilized cultured cells expressing GFP-Rac, injected with
a fragment of p21-activated kinase labeled with Alexa the plasma membrane because of the propensity of
Aequorea GFP to dimerize, giving rise to FRET from546 dye, which binds selectively to GTP-bound GFP-
Rac. This approach revealed the spatial control of CFP to YFP. The FRET signal was disrupted when the
indicators were released from the membrane upon ago-growth factor-induced Rac activation in membrane ruf-
fles and in a gradient of activation at the leading edge nist-induced PLC activation. This indicator enabled
monitoring of IP3 production or PLC activation by theof motile cells (Kraynov et al., 2000). An interesting vari-
ant on the approach was developed in the context of change of fluorescence color, whereas many other re-
searchers have looked at the phenomenon by transloca-an indicator for Ras activation, which consisted of a Ras
binding domain, (RBD)-CFP, and CD8-YFP. RBD and tion of PHD-GFP (e.g., Hirose et al., 1999).
The combined use of fluorescently labeled phosphos-CD8 do not interact directly; rather, CD8 is localized to
the entire secretory apparatus of cells. Thus, proximity pecific antibodies and GFP fusion proteins has allowed
scientists to visualize the autophosphorylation of PKC	indicated by FRET (bystander FRET) in this context im-
plied that Ras activation occurred on the endomem- (Ng et al., 1999) and activation of the EGF receptor (Ver-
veer et al., 2000) in fixed-cell samples. In both cases,brane. This study thus corrected the conventional view
that the plasma membrane is the exclusive platform FRET was quantified by measuring the lifetime of the
donor, GFP. The latter study provided the first evidencefrom which Ras regulates signaling (Chiu et al., 2002).
Detection of proximity of two molecules by FRET was for a ligand-independent lateral propagation of receptor
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Figure 3. Basic Designs of Fluorescent Indi-
cators Employing GFP-Based FRET
(A) The basic principle of bimolecular fluores-
cent indicators. CFP and YFP are fused to
domains A and B, respectively, which interact
with one another depending upon the ligand
binding or modification of domain A. There
are many variations in the design; CFP and
YFP can be swapped, or signal-dependent
dissociation of two domains can be used. In-
coming and outgoing saw-toothed arrows in-
dicate excitation and emission at the stated
wavelengths.
(B) The basic design of unimolecular fluores-
cent indicators.
activation in the plasma membrane (Verveer et al., 2000) physiological Ca2 imaging than the bimolecular, split
cameleon. The unimolecular cameleon has been ex-and had a tremendous impact on the previous belief
that ligand binding was requisite for receptor activation. pressed in specific cell types of genetically tractable
animals aiming at in vivo Ca2 imaging. Ca2 transients
were successfully observed in neurons and pharyngealUnimolecular Fluorescent Indicators
To develop a fluorescent indicator encoded by a single muscles of intact Caenorhabditis elegans (Kerr et al.,
2000) and in the brain (Fiala et al., 2002) and larval neuro-gene, one successful approach is to concatenate do-
mains A and B first (Figure 3B). The hybrid protein is muscular junctions (Reiff et al., 2002) of Drosophila mel-
anogaster. The utility in transgenic animals extends tothen sandwiched by CFP and YFP.
One example of such a probe is the cameleon (Miya- plants. While previous Ca2 measurements in Arabi-
dopsis guard cells required laborious and invasive mi-waki et al., 1997). The original design for this Ca2 sensor
was rational, based on several key observations of the croinjection of chemical Ca2 indicators, genetic intro-
duction of cameleon enabled more physiological andbehavior of the interaction between CaM and M13. On
the basis of the NMR solution structure of CaM bound quantitative detection of Ca2 transients caused by ex-
ternal stimuli, such as external calcium and abscisicto M13, the C terminus of CaM and N terminus of M13
were found to be in close proximity to each other (Ikura acid, leading to the demonstration that stimulus-specific
calcium oscillations are necessary for stomatal closureet al., 1992). These two termini have been fused with a
Gly-Gly spacer to create a hybrid protein, CaM-M13. (Allen et al., 2000). Also, the cameleon technique has
been used to monitor Ca2 dynamics that occur locallyFurthermore, NMR analysis has revealed that CaM-M13
exhibits a conformational change from an extended form at the secretory vesicle surface (Emmanouilidou et al.,
1999) and caveolae (Issiki et al., 2002). These experi-to a compact globular form upon binding to Ca2 (Por-
umb et al., 1994). Cameleon was constructed by brack- ments illustrate the strategic and analytical benefits of
using genetically encoded Ca2 sensors; the results ob-eting CaM-M13 between two spectral mutants of GFP
(Miyawaki et al., 1997). Despite having relatively small tained would have been difficult or impossible with small
molecule indicators such as Fura-2.signal changes in response to Ca2 concentrations, the
unimolecular cameleon allows more quantitative and Along the same design lines as cameleons, a hybrid
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protein consisting of H-Ras and the Ras binding domain is the propensity of Aequorea GFP to weakly dimerize
(Kd  0.1–0.3 mM) (Zacharias et al., 2002; Zhang et al.,(RBD) of Raf was used to develop a unimolecular fluores-
cent indicator for Ras activation. It was designated Rai- 2002). Assuming that CFP and YFP within a unimolecular
indicator associate with each other even when the indi-chu (a Ras and interacting protein chimeric unit)-Ras
(Mochizuki et al., 2001). When EGFR was globally acti- cator protein takes an extended form, thereby raising
the minimum value of FRET, prevention of dimerizationvated, Ras activation was observed at the peripheral
plasma membrane and was reduced at sites of cell- may be effective to improve the signal change of the
indicator. Recently, nondimerizing CFP and YFP (mCFPcell contact (Mochizuki et al., 2001). While conventional
biochemical analyses rarely detect more than 40% of and mYFP) have been constructed and utilized success-
fully in FRET experiments to determine how lipid-modi-the cellular Ras pool in an activated state upon growth
factor stimulation, the imaging data show that Ras is fied proteins assemble in the microdomains of the
plasma membrane (Zacharias et al., 2002). Conversely,strongly activated locally, while a large population of
Ras remains inactive, a possible explanation for the frac- the dimerization propensity of Aequorea GFP has been
used to develop an indicator for the activation of CaMtionally low response in biochemical assays. In a similar
fashion, indicators for the activation of Rap1 (Raichu- (FIP-CBSM) (Romoser et al., 1997). GFP and BFP were
linked with a CaM binding peptide, CBSM, derived fromRap1), Rac1 (Raichu-Rac), and Cdc42 (Raichu-Cdc42)
have been developed (Mochizuki et al., 2001; Itoh et al., smooth muscle myosin light chain kinase. In the ab-
sence of Ca2-activated CaM (Ca2-CaM), CBSM is2002). It was found that, upon growth factor stimulation,
the localization of the active Ras and Rap1 are exclusive floppy, allowing the GFP and BFP to dimerize, resulting
in significant FRET signals. Binding of Ca2-CaM toof each other (Mochizuki et al., 2001; Ohba et al., 2003),
consistent with the fact that Rap1 antagonizes several CBSM, however, leads to the straightening of the peptide
linker, thus separating the GFP and BFP. In a similarRas functions (Kitayama et al., 1989).
For the visualization of protein kinase activities, many manner, indicators for PKA activity (cAMP-responsive
tracer [ART]) (Nagai et al., 2000) and for the activationunimolecular indicators have been constructed. In each
case, an appropriate phosphorylation substrate peptide of Rac1 or Cdc42 (Raichu-CRIB) (Itoh et al., 2002) have
been constructed. In each case, the arrival of an acti-or domain and a phospho-amino acid binding domain
have been genetically linked to produce a hybrid protein, vated molecule at the domain between two spectral GFP
mutants disrupts dimerization to decrease FRET signals.which was then flanked by CFP and YFP. This approach
has yielded indicators for the activities of PKA, A-kinase
activity reporter (AKAR) (Zhang et al., 2001), and differ- Scaffold-Based Fluorescent Indicators
ent tyrosine kinases, such as Src, the EGF receptor, and for Studying Compartmentalized Signaling
the insulin receptor (Ting et al., 2001; Sato et al., 2002). The transmission of external cues to precise sites within
The other approach utilized to develop a unimolecular the cell often involves the assembly of multiprotein sig-
indicator is to use a native protein that contains both naling complexes (Hunter, 2000) containing transmem-
domains A and B (Figure 3B). CrkII is an adaptor protein brane receptors, protein kinases, protein phosphatases,
containing an SH2 domain and is phosphorylated on and their substrates; this organization is maintained by
Tyr221 upon stimulation by a variety of growth factors. scaffolding/anchoring proteins (Smith and Scott, 2002).
Consequently, this molecule has proven to be a good Scaffolds ensure that the anchored enzymes are opti-
mally positioned to receive signals and are placed insubstrate for the development of a unimolecular indica-
tor. The CrkII-based indicator reports tyrosine phos- close proximity to their substrates, thereby controlling
the specificity, magnitude, and duration of signaling.phorylation events downstream of the activation of EGF
receptor and Abl kinases (Kurokawa et al., 2001; Ting Thus, one way of studying the kinds of subcellular local-
ization issues discussed above can be based on the useet al., 2001).
Unlike PKA, cGMP-dependent protein kinase (PKG) of specific scaffolding proteins. The A-kinase anchoring
proteins (AKAPs) fulfill this criterion, in that they seques-has the regulatory domain to which cGMP binds and a
catalytic domain in a single peptide. On the basis of a ter PKA and other signaling enzymes at a variety of
intracellular sites (Colledge and Scott, 1999).previous structural study showing a cGMP-dependent
conformational change of an isoform PKGI	 (Zhao et Consequences of spatial compartmentation were as-
sessed with the fluorescent indicator of PKA activity,al., 1997), two research groups independently generated
indicators for cGMP by sandwiching similar nondimeriz- AKAR (Zhang et al., 2001). When AKAR was tethered to
the PKA holoenzyme via a sequence from AKAP, theing mutants of PKGI	 with CFP and YFP (Honda et al.,
2001; Sato et al., 2000). Because cGMP binding converts response was augmented, indicating that colocalization
of a substrate and PKA positively modulates the sub-the enzyme from a closed form (kinase inactive) to an
open form (kinase active), it was assumed that the indi- strate’s susceptibility to phosphorylation by PKA (Zhang
et al., 2001). By following the PKA holoenzyme, presum-cator would show a decreased FRET in the presence of
cGMP, as does the PKA-based bimolecular indicator. ably, this indicator could sneak into the rendezvous
point where various signaling molecules assemble. ItInterestingly, there was a discrepancy in behavior be-
tween the two cGMP sensors reported; cGMP de- would be of great interest to know how, in cAMP-depen-
dent signaling cascades, the balance between phos-creased the FRET of the sensor by Honda et al., “cignet”,
but increased the FRET of that by Sato et al. This fact phorylation and dephosphorylation events is modulated
within the signaling complex containing, for example,illustrates the unpredictability of the actual efficiency of
GFP-based FRET, which is significantly determined by PKA, protein kinase C (PKC), the protein phosphatases
PP1 and PP2A, and phosphodiesterase (PDE).the relative angle of two chromophores’ transition di-
poles (Figure 1C). In cardiac myocytes, Gs heterotrimeric G proteins, ad-
enylyl cyclase, PKA, and PDE are localized with AKAPAnother complex factor concerning GFP-based FRET
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along the T tubular system. This arrangement potentially greatly affected by excess CaM (Miyawaki et al., 1999).
In contrast, unimolecular constructs are almost indiffer-provides a signaling complex governing the generation,
utilization, and degradation of cAMP molecules. A ge- ent to endogenous molecules. Unimolecular cameleon
(CFP-CaM-M13-YFP) was shown not to perturb CaMnetically encoded indicator for cAMP (Zaccolo and Poz-
zan, 2002) was introduced into neonatal rat cardiac myo- and several CaM binding proteins and, conversely, not
to be perturbed by them (Miyawaki et al., 1999). Anothercytes, which were then stimulated through endogenous
-adrenergic receptors. Interestingly, the indicator com- advantage of unimolecular constructs is that they con-
tain equimolar amounts of donor and acceptor, allowingplex that was bound to AKAP detected multiple micro-
domains with a high concentration of cAMP with a range the acquisition and quantitation of changes in FRET
much easier. However, there are strategies for the de-of action of 1 m. Because of the small number of cAMP
binding proteins within cells, the existence of local gradi- sign of bimolecular indicators that may minimize the
problem. One possibility would be the use of artificiallyents of [cAMP]i seems unlikely. However, hormonally
specific compartmentalization of cAMP and PKA in designed domains, like A and B (Figure 3). This could
be achieved by introducing mutations into both of thecardiomyocytes has long been suspected on the basis
of biochemical data (Buxton and Brunton, 1983). The two interacting domains, so that they become indifferent
to native, endogenous binding partners while keepingexperiments by Zaccolo and Pozzan demonstrate the
existence of such gradients, possibly generated by lo- the ligand- or modification-dependent mutual associ-
ation.calized PDE enzymes, and support an emerging view
that the spatiotemporal dynamics of changes in concen- The structural integrity of fluorescent indicators is also
quite important, although this applies to all cases oftration of second messenger molecules facilitate signal-
ing specificity. GFP chimeric proteins. Assuming that a chimeric protein
consisting of GFP and a host protein (enzyme) is ex-
pressed, there would be several different molecular spe-Possible Perturbations Caused
cies inside cells, depending on the efficiency of foldingby Fluorescent Indicators
or maturation and proteolysis (Figure 4). The nonfluores-The introduction of excessive amounts of any indicator
cent enzyme (Figures 4C and 4G) should augment down-for cellular activity into cells can cause problems. If an
stream signaling cascades without being detected,introduced indicator is also a functional enzyme, the
while the fluorescent, but nonenzymatic, products (Fig-pathway(s) in which the enzyme engages may be over-
ures 4B and 4E) would just increase the backgroundwhelmed by the additional activity. Likewise, when an
signals. For minimization of both the folding interferenceindicator that retains only the ability to bind to a particu-
of the two domains and proteolysis, the linker must belar ligand and to undergo a desired conformational
optimized. It is also important to use variants of GFPchange is used, a buffering effect on the detected mole-
that mature quickly and efficiently. Recently, two brightcule is likely to occur. When an indicator acts solely as
versions of YFP, Citrine (Griesbeck et al., 2001) anda substrate, it may disturb the observed system to a
Venus (Nagai et al., 2002), have been reported (Zhanglesser degree; however, the competition with endoge-
et al., 2002). These variants can be expected to facilitatenous substrates can dampen signal flow. The introduc-
host protein folding, thus increasing the integrity of thetion of any indicator creates a risk to enhance or sup-
indicators. Citrine and Venus should be ideal as FRETpress related signaling events; it may “perturb” the cell
acceptors between CFP and YFP. Preferably, the ac-we observe to a certain degree. In his famous publica-
ceptor GFP would mature more efficiently than the donortion on “Unitary Theory of Sensory Factors,” Ernest
GFP; otherwise, excess donor molecules that do notMach denied the concept of “absolute space” and
participate in the FRET could swamp the FRET signalsclaimed that only “sensory factors” exist in the world.
emitted by the participating donors.It could also be said that an objective world separated
from the observers will never exist. It is my contention,
therefore, that, even with the most advanced technolo- At What Point in a Signal Transduction Cascade
gies and equipment, the function of living organisms as Should Fluorescent Indicators Be Introduced?
a whole cannot be fully appreciated. Thus, the process The above-discussed observation-dependent perturba-
of visualization will be viewed as a reaction toward the tion will also depend upon where indicators are localized
objects. The process to approach real understanding of in the signaling hierarchy. Consider an intracellular sig-
total organisms now involves subjectivity, such as the naling cascade consisting of signaling molecules 	, ,
background, philosophy, and even humanity of the ob- , and 
 in sequential order (Figure 5A). Because of
servers. It is therefore worthwhile to consider the ways some convergence and divergence of amplification, the
in which the method of observation impacts on the result overall flow of the signal will be determined by the rela-
and the extent to which these effects can be minimized. tive quantities of certain molecules. In Figure 5A, mole-
cule  would be such a determinant. When a significant
amount of the indicator composed of molecule is intro-Basic Features of Indicator Design Impact
on Signal Perturbation duced, the signaling cascade may be substantially
strengthened (Figure 5B) or weakened (Figure 5C), de-In general, bimolecular FRET approaches may have
more deleterious effects than unimolecular approaches, pending on the functionality of the indicator. Ideally,
fluorescent indicators should sneak into signaling cas-as two separate fusions are more likely to interact with
bystanding partners. For example, split cameleon (CFP- cades with minimal perturbation of the system. They
should be diluted by a large quantity of endogenousCaM/M13-YFP) significantly stimulated CaM-depen-
dent enzymes, and the indicator’s Ca2 sensitivity was molecules, such as , depicted in Figure 5.
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Figure 4. Some Possible Products inside
Cells When a Chimeric Protein GFP Enzyme
Is Expressed
The primary structure of the chimeric protein
is at the top of the figure.
(A) The integrity of the chimeric protein is
perfect.
(B) GFP is fluorescent, but the enzyme is un-
folded.
(C) GFP is not fluorescent, but the enzyme is
functional.
(D) GFP is not fluorescent, and the enzyme
is not functional.
(E–H) Possible proteolyzed products when
the linker is cleaved.
Ca2 is an intracellular second messenger showing Helmchen et al., 1996). Thus, the degree to which buff-
ering capacity is affected by the introduction of indica-very dynamic behavior. In fact, many important cellular
tors may be context and cell type dependent.functions are known to be caused by dynamic changes
In the field of epidermal growth factor (EGF) signaling,in Ca2 concentration over time and space, including
a chimeric protein between EGF receptor (EGFR) andCa2 oscillations and waves (Berridge et al., 2000). Be-
GFP has been expressed abundantly in an attempt tocause of an enormous amount of information on Ca2
fully visualize the signaling in single cells (Verveer et al.,chelating through studies on Ca2 binding molecules,
2000). The functionality of the chimeric protein, such assuch as BAPTA and calmodulin, a variety of fluorescent
the EGFR kinase activity, has been verified (Carter andindicators for Ca2 have been developed (Tsien, 1989;
Sorkin, 1998). Following these important studies, othersAdams, 2000). This process has been aided by the
postulated that the density of functional EGFRs in theknowledge that a significant number of Ca2 binding
plasma membrane was a critical factor in the lateral
proteins with various affinities for Ca2 inside cells exist. propagation of EGF signaling that was generated locally.
Because of the endogenous Ca2 buffering system, Thus, Raichu-Ras (Mochizuki et al., 2001) and the CrkII-
loading cells with high-affinity indicators such as fura-2 based indicator (Kurokawa et al., 2001) were employed
(Kd  0.2–0.3 M) at a final concentration of 5–100 M to monitor activation of Ras and tyrosine phosphoryla-
do not seem to affect intracellular Ca2 dynamics greatly tion beneath the plasma membrane, respectively, both
(Haugland and Johnson, 1999). However, some investi- of which are downstream of EGFR activation. Very little
gators report that, at such concentrations, the indicator or no perturbation of EGF signaling was detected when
may constitute a significant fraction of the total Ca2 those two indicators were expressed sufficiently for the
buffering capacity, resulting in damping and prolonging imaging experiments (Mochizuki et al., 2001). In a recent




The question of how to insert an indicator into a signaling
cascade is also complicated by feedback mechanisms
acting within the molecular network of that signal trans-
duction system. This feedback can also involve interac-
tions with other transduction systems. As a result, bio-
logical reactions in response to a scientist’s arbitrary
action are sometimes difficult to predict. For example,
even in an experiment designed to overexpress or elimi-
nate specific molecular species, it is important to visual-
ize their behavior not only downstream of a given point,
but also in the context of the entire system. When post-
genome projects are discussed, simply contrasting re-
ductionism versus totalism is not satisfactory. Rather,
in a practical sense, scientists should attempt to in-
crease the parameters that can be observed simultane-
ously to describe an intracellular signaling system as
thoroughly as possible.
The term “simultaneous imaging” is somewhat con-
fusing in the field of bioimaging. In the narrow sense, it
is the temporally simultaneous acquisition of multiple
images of cells loaded with two or more fluorescent
indicators. In the broader sense, it includes the sequen-
tial acquisition of multiple images; this is the more popu-
lar application. The complication that this practice im-
poses on the imaging process is that the indicators
used must possess different physical characteristics for
optimal separation of the various signals. In many cases,
distinct indicator excitation and emission spectra pro-
vide such a unique feature. In fact, since many spectral
variants of Aequorea GFP (Tsien, 1998; Zhang et al.,
2002) and red fluorescent protein (DsRed; Clontech)
have emerged, more investigators are interested in si-
multaneous imaging of multiple fluorophores and FRET
signals. Although DsRed was originally expected to be
a good acceptor for FRET, its obligate tetramerization
posed a significant problem (Baird et al., 2000). The
problem appears to be less serious in soluble indicators;
the cameleon utilizing DsRed as the acceptor formed a
tetrameric complex and still worked as a Ca2 indicator
(Mizuno et al., 2001). However, a recent mutagenesis
study has developed a monomeric version of DsRed,
which will expand the spectral variation of FRET tech-
nique (Campbell et al., 2002).
Figure 5. How Fluorescent Indicators Affect Signal Flows When multiple images are acquired sequentially, di-
(A) A signaling cascade consisting molecules	, , , and 
. Activated chroic mirrors and various combinations of excitation
molecules are darkened. and emission filters need to be exchanged. The ability
(B) Introduction of indicators retaining the function of  strengthens
to rapidly exchange dichroic mirrors, however, is not aassociated signaling events.
feature that is commonly found on standard micro-(C) Introduction of indicators losing the function of  suppresses
scopes. Attempting such a switch may result in the im-associated signaling events.
perfect alignment of the multiple images. Recently, a
simple, but versatile, epi-illuminating system was re-
ported (Sawano et al., 2002a). It uses a single highlyexpression, the signaling is confined to the region that
transmissive reflector similar to a normal glass plate foris exposed to EGF (Sawano et al., 2002b). Such localized
multicolor imaging. In the aforementioned experimentssignaling could not be observed upon overexpression
to visualize Ras activation and tyrosine phosphorylationof EGFR-GFP. These findings indicate that cells ex-
after local stimulation, rhodamine-labeled EGF ligandspressing basal levels of EGFR respond to local stimula-
were used to monitor the fate of EGF-EGFR complexes.tion by extracellular cues without losing sense of direc-
The epi-illuminating system allowed rapid sequential ac-tion, for example, in the development of tissues or
quisition of images of FRET from CFP to YFP and oforgans and wound healing. Global propagation of EGF
rhodamine fluorescence with a single reflector, therebysignaling after local stimulation with EGF has also been
alleviating the problems normally associated withconfirmed, but only in cells overexpressing EGFRs; this
may therefore be a characteristic of malignant tumors. switching dichroic mirrors (Sawano et al., 2002b).
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ments. Shimomura et al. discovered GFP in 1962 in the
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(Shimomura et al., 1962). Following its discovery, nearly phys. J. 67, 1775–1787.
30 years passed before the cDNA encoding GFP was Berridge, M.J., Lipp, P., and Bootman, M.D. (2000). The versatility
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of Aequorea GFP (Tsien, 1998), as well as GFP-like fluo-
Carter, R.E., and Sorkin, A. (1998). Endocytosis of functional epider-rescent proteins isolated from other animals (Labas et
mal growth factoa receptor-green fluoresent protein chimera. J. Biol.
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